Abstract. Two-step sintering (TSS) was applied on the BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 powder and the effect of the second step temperature (T2) during sintering process on the grain growth, density and hardness is reported. Normal sintering with holding temperature of 1500 ˚C and four different TSS profiles with four various T2 (1150 ˚C, 1250 ˚C, 1350 ˚C, 1450 ˚C) were conducted. From the results, sample sintered via TSS at T2 of 1450 ˚C shows the highest density compared to other samples including sample sintered via normal sintering at temperature 1500 ˚C. The grain size of the sample sintered at T2 of 1450 ˚C also smaller than the sample sintered via normal sintering. Result from hardness test proves the hardness also increase when the density increase.
Introduction
In producing ceramics electrolyte, sintering process is one of the crucial processes that have to give attention. Sintering process is conducted to obtain a material with a high density and homogeneous microstructure, as well as having excellent mechanical properties. Further improvement in the properties is expected by decreasing the grain size of the ceramics. Ultra-fine ceramic structure resulted large increase in strength, hardness and electrical conductivity [1, 2, 3] . It has been reported that YSZ electrolyte having smaller grain size shows higher electrical conductivity at medium and lower temperature, than samples which have larger grain size [4, 5] .
In order to maintain the grain size, it is important to control the growth of the grain. Thus, grain refining processes have attracted much attention recently. The promising approach to obtain fully-dense and fine-grained ceramics has been developed. Study of ultra-fine ceramic shows that instead of applying single-step sintering (SSS) or normal sintering grain size can be controlled by two-step sintering (TSS) [6, 7, 8] . In TSS, sample is heated at high temperature at the first stage, T1 to achieve sufficiently high relative density. Then, at second stage, sample is heated at lower temperature, T2, to keep densification, but at the same time with supression of grain growth [8, 9] .
It has been reported that temperature at the first stage of sintering ,T1 and temperature at the second stage of sintering, T2 are the main parameters that should be considered during the two-step sintering process [10, 11] . Therefore, in this paper, two-step sintering was applied on BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 synthesized by wet chemical method. Cerate-Zirconia based electrolytes are well-known potential solid electrolyte having high proton conductivity [12, 13] . The effect of various T2 on the grain size, densification and mechanical property of BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 ceramic electrolyte has been studied.
Experimental
BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 powders were synthesized by wet chemical method. Details procedure has been reported elsewhere [14] . The morphology of powder was observed with Transmission Electron Microscopy (TEM). The powder was ground in mortar before pressed into pellets with 12 mm of diameter and 1-2 mm of thickness under uniaxial pressure of 4 tonne.
For single step sintering (SSS) or normal sintering, sample was sintered at 1500 ˚C for 15 hours, with constant heating and cooling rate of 10 ˚C/min.
In two-step sintering (TSS), samples were heated to T1 (1500 ˚) with fixed heating rate of 10 ˚C/min and hold for t1 (1 minute). The samples were rapidly cooled down to the lower temperatures of T2 with fixed cooling rate of 50 ˚C/min. The samples were sintered at T2 for t2 (15 hours) . In this project, samples were sintered at four different T2 to study the effect of temperature T2 on the properties of samples. Finally, samples were cooled to the room temperature with fixed cooling rate of 10 ˚C/min. The details of the sintering profiles are shown in Table 1 .
Sample characterization
The weight and the dimensions of each pellet after sintering were measured, and the density of the sintered samples was determined by geometrical method. The fracture surface of the samples was observed by Scanning Electron Microscope (SEM), and the grain size was estimated on the fracture surface. At least 100 grains were examined and took into account to calculate the grain size using image analyzer (Image J). Hardness test was conducted on polished sample with load of 5 kg and held for 20 s. Results and discussion Fig. 2 shows SEM micrographs of samples after sintering process. Throughout the two-step sintering process, grain size increases with increasing of T2. From the measured particle size using Image-J software, majority particle size of sample TSS_1150 is distributed in the range of 0.20 µm -0.39 µm. Sample TSS_1250 shows similar morphology and the grain size is also distributed in the same range with sample TSS_1150. From the SEM image of sample TSS_1350, it can be seen that particle started to grow and porosity level started to reduce as the particles of the sample packed together. For this sample, the range of grain size extended to 0.20 µm -0.59 µm. From the densification observation, samples sintered at higher T2 show less porosity and denser than other TSS samples. The grains of sample TSS_1450 grow uniformly and were found to be in the range 0.3 µm -0.69 µm. Meanwhile, sample sintered at normal sintering (Sample SSS) is observed having more porosity than sample TSS_1450 even though it was sintered at higher temperature. Sample TSS also has bigger grain size than samples which is sintered at TSS. These results show that TSS is able to control the grain growth and increase the density of BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 . The values of relative density for each sample are shown in Fig.3 . 
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Result of relative density of samples after sintered at different T2 temperature is shown in Fig.  3 . The result reveals that the relative density increases steadily with the sintering temperature until 1350 ˚C, and then increases rapidly when sintered at T2 1450 ˚C. Sample TSS_1450 exhibits a relative density of 75.43%. However, although sample SSS was sintered at higher temperature which is 1500 ˚C, the relative density was approximately 10% lower than sample TSS_1450, which is 65.9%. Other work also reported for BaTiO 3 where high density cannot be obtained at comparable temperatures of TSS [10] . It is important to find critical starting density. If critical density is not yet achieved, the size of pore is larger compared to the size of the grain. Thus, the pores are thermodynamically stable and difficult to eliminate [10] . Fig. 43 shows the hardness of the samples after sintering process. Sample SSS indicates 161.8 Hv of hardness. In contrast, sample TSS_1450 shows higher value of hardness which is 217.0 Hv. Yamanaka et al have reported that BaZrO 3 and BaCeO 3 having 90% relative density have hardness of 4.95 Hv and 2.34 Hv, respectively [15] . The result found in our study is comparable with the hardness value that has been reported by Yamanaka et al by considering relative density of TSS_1450 in this study is lower. From Fig. 3 and Fig. 4 , it can be clearly seen the correlation between density and hardness, where hardness is strongly dependant on the density of samples.
Summary
The relationship between grain growth, density and hardness of nanocrytalline BaCe 0.54 Zr 0.36 Y 0.1 O 2.95 powder during two-step sintering were studied. Sample sintered at T2 of 1450 ˚C during two-step sintering is found to have smaller grain size (0.3 µm -0.69 µm) , higher density (75.43%) and higher hardness (2.17 Hv) compared to sample sintered via normal sintering. This observation indicates that selection of T2 is an important criterion in order to improve the properties 
